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Reassessment of the intrinsic carrier density temperature dependence in crystalline silicon The intrinsic carrier density n i of crystalline silicon is an essential parameter for the simulation of electrical and thermal behavior of silicon devices. At 300 K, a value of n i ¼ 9:65 Â 10 9 cm
À3
has been determined by extensive experimental studies. However, the temperature dependence of this parameter remains to be verified. In this work, we propose a new expression n i ¼ One of the major parameters influencing the electrical and thermal behavior of a silicon device is the intrinsic carrier density n i . 1 An accurate description of n i in crystalline silicon as a function of the temperature is therefore of primary interest for simulations of silicon devices.
The accepted value of n i at 300 K has been revised several times since the first estimates were made in the 1960 s. First, Green 2 adjusted the value from n i ¼ 1:45 Â 10 10 cm
to n i ¼ 1:08 Â 10 10 cm À3 following a critical investigation on former resistivity measurements. A few years after this first correction, Sproul 3, 4 made a further refinement by means of experiments involving specially designed solar cells to determine n i ¼ 1:00 Â 10 10 cm À3 . Shortly afterwards, Misiakos 5 published another value, n i ¼ 9:7 Â 10 9 cm À3 ,t h a n k st oc apacitance measurements of a pin diode biased under high injection. However, a literature review suggests that the commonly used value remains that provided by Sproul. Recently, Altermatt 6 corrected the Sproul's value by taking into account bandgap narrowing (BGN) which allowed the two contemporary values of n i to be brought to agreement. The recommended value at 300 K is currently given by Altermatt, 6 n i ¼ 9:65 Â 10 9 cm À3 , based on his work and the consistency found with Misiakos' previous measurement as mentioned by Altermatt in his conclusions. Altermatt suggested a corrected value of n i taking into account BGN at 300 K but did not propose an expression for its temperature dependence. The most commonly used expressions of n i as a function of temperature are those provided by the authors cited above. Significant discrepancies are observed between these, which thus impact upon the studies that utilize them.
The purpose of this paper is to reassess the temperature dependence of n i by taking BGN into account. First, a theoretical review is presented. Second, the various bandgap models are considered and the most precise one chosen for use in the present work. Third, the correction of Sproul's data taking into account BGN is detailed. Finally, polynomial fits of the density of states (DOS) effective masses m 
II. THEORY
Extensive studies have been undertaken to evaluate n i ;a critical analysis is necessary in order to make a good hypothesis and reevaluate the temperature dependence of n i . The temperature dependence of n i can be deduced by inspection of the following equation:
where E 0 g is the intrinsic bandgap of the semiconductor, k is the Boltzmann constant and T is the temperature. N C and N V are defined as follows:
where h is the Planck constant. Using the recommended values 9 of the physical constants gives 
where m Ã t is the transverse effective mass, m Ã l is the longitudinal effective mass, m Ã lh is the light hole band effective mass, m Ã hh is the heavy hole band effective mass, m Ã so is the split-off hole band effective mass, and D is the energy between the split-off band and the heavy and light hole bands. Experimental measurements of the effective masses are only possible at a temperature close to absolute zero because the cyclotron resonance observation requires a high carrier mobility. 10 Hence, all the existing models of n i , experimental or theoretical, are usually expressed in the following form:
It is clear from Eq. (1) that n i is directly linked to E 0 g . Section III addresses the choice of model to estimate E 0 g . Existing models of n i (T) and the correction of n i (T) due to BGN will be discussed in a subsequent section.
III. TEMPERATURE DEPENDENCE OF n i
A. Bandgap models and implications for n i Three models of E 0 g are predominantly in use, all of which are based on the experimental results of Bludau et al. 11 and Macfarlane et al. 12 Each model proposes a different fit of these data based on different hypotheses. The temperature dependence of these models is shown in Fig. 1 . Thurmond 13 and Alex 14 based their fit on Varshni's hypothesis 15 of the form of Eq. (9), whereas P€ assler 16 suggested an expression of the form of Eq. (10). The parameters for Thurmond, Alex, and P€ assler models are listed in Table I .
Though the discrepancies between the models are low, the implications on values of n i are not. In order to study the consequences on the values of n i , we defined in Eq. (11) a ratio between two expressions of n i from the same model defined with two different models of E 0 g , subscripted x and y. This ratio is independent of the model of n i and only sensitive to models of E 0 g
In Fig. 2 , the temperature variation of the ratio between each model and P€ assler's model is presented. It illustrates the non-negligible modification of n i at low temperatures. The choice of model for E 0 g , therefore, has an impact on behavior as a function of temperature.
The higher precision of P€ assler's model is demonstrated by the intrinsic unrealistic physical regime of extremely large dispersion implied by Varshni's model, which has not been observed in experiments. 17 For high temperature, E B. Existing models of n i and correction from BGN The models from Hensel, 18 Madarasz, 19 and Humphreys 20 are theoretical models based on k Á p perturbation theory. 22 The models from Green, 2 Sproul, 3,4 Misiakos 5 are semi-empirical models obtained from different measurements as detailed in the Introduction. Table II lists coefficients A, B, and C of Eq. (8) for the selected models and their temperature range of validity.
In this section, we seek to convince the reader that the current expressions of n i (T) from semi-empirical models are inadequate for modeling silicon devices at temperatures away from room temperature and demonstrate the necessity of a reassessment of the expression of n i (T).
Regarding only the data and not the expression of n i (T), Green's data cannot provide an accurate temperature dependence of n i because of the uncertainty associated with the use of a generic model for the carriers mobilities instead of real measurements of the samples. Measurements by Sproul and Misiakos are sufficiently precise but their interpretation can be improved.
In Indeed, the uncertainties on experimental estimates of n i increase towards lower temperatures. Thus, it is interesting to compare these low temperature experimental values of n i to the theoretical ones based on a knowledge of effective masses. [18] [19] [20] and very precise experimental values of the effective masses at temperature close to absolute zero. 18, 21 Hence at low temperatures, the uncertainties of the theoretical values are lower than the uncertainties of the experimental values as mentioned by Sproul. 4 Although this approach is valid, Sproul ignored BGN because available models at that time indicated no effect of BGN for the wafers used in the experiment. These models have subsequently been superseded by Schenk model, 7 which indicates a slight BGN for these wafers. Thus, Sproul did not measure the intrinsic carrier density n i but rather the effective intrinsic carrier density n i,eff . Hence, Sproul's values of n i need to be reinterpreted to take into account BGN via Eq. (12) , where DE g is the BGN from Schenk's model
In the experiment setup used by Sproul, 3,4 the values of n i are obtained thanks to Eq. (13)
where W is the quasi-neutral width of the wafer, N À A is the ionized dopant density, I 01 is the saturation current, I 0e is the emitter saturation current, A is the cell area, D n is the minority carrier electron diffusion constant, and x is the ratio between the quasi-neutral width W and the minority carrier electron diffusion length L n .
Sproul's data and the correction obtained using Schenk's model of BGN are summarized in Table III . The corrections are applied for the measurements of 10 X cm wafers from Sproul's papers. Wafers with a resistivity lower than 2 X cm were not considered because they are not suitable for extraction as discussed by Altermatt. 6 The calculations are not developed on the other wafers because they follow the exact same trend as the 10 X cm wafers. The wafers are 284 lm thick, and the area of the samples used to determine n i are 4 cm 2 . In Table III , it is evident that the low temperature values from Sproul suffer the significant modification as a result of BGN. The corrected data, the Misiakos' data, and their fit of the form of Eq. (8) 
In our opinion, the expression obtained from Misiakos' data seems less pertinent because the value at 300 K is 1:06 Â 10 10 cm À3 , whereas the expression from Sproul's data gives 9:68 Â 10 9 cm À3 , which is more consistent with the experimental value at 300 K obtained by the two studies. The Misiakos' data also agree less well with the theoretical models at low temperatures and exhibit a greater degree of scattering than Sproul's data. Furthermore, Misiakos' values of n i at a temperature greater than 200 K are also fitting Eq. (15) as can be seen in Fig. 3 . In order to compare all the presented models of n i ,i n Fig. 4 , the various predictions of n i,x (T) are shown normalized relative n i,Hensel from Hensel. 18 The normalization by Hensel's model is necessary to compare the models over a large temperature range because the values of n i vary across several orders of magnitude. Hensel's model was chosen for the normalization because it is the closest theoretical model to empirical data, and the empirical models do not have a wide temperature range of validity.
Regarding the proposed expressions of n i (T) in the original paper by Sproul and the work of Misiakos, the substitution of a constant C coefficient rather than E 0 g ðTÞ=ð2kÞ in the theoretical expression (Eq. (1)) is questionable for low temperatures. The impact of a temperature-dependent E 0 g on the value of n i should not be ignored.
IV. DENSITY OF STATES EFFECTIVE MASSES IN THE CONDUCTION BAND AND THE VALENCE BAND
It is convenient to model the temperature dependence of m 23 and its value at 4 K has been accurately measured. 18 As regards m 
Thus, m 2 according to a model of n i and to propose a third order polynomial expression. In order to illustrate the discrepancies between the models of n i , the temperature evolution of m Ã dv ðTÞ=m 0 ÀÁ 3 2 according to the different models of n i is shown in Fig. 5 .
The polynomial obtained with Eq. (15) is In order to evaluate how the polynomials (Eqs. (18) and (19)) reproduce n i , they are inserted in Eqs. (1), (4), and (5). The resulting expression is n i,poly . This expression reproduces correctly n i,corrected from Eq. (15) as it is shown in Fig. 6 where the relative error of n i,poly compared to n i,corrected is shown as a function of temperature. The individual point discrepancies in the range 50 K to 400 K are less than 1.5%.
V. CONCLUSION
In this study, a reassessment of the temperature dependence of n i is proposed. The impact of E are proposed, offering a practical estimate of N V and N C taking into account the suggested temperature dependence of n i . Using these polynomials to reproduce the temperature dependence of n i provides an estimate with a precision of 1.5% for the range 50 K to 400 K.
